The long gamma-ray burst (GRB) 130427A was the most powerful burst ever detected with a redshift z 0.5, featuring the highest energy photon so far detected from a GRB and the longest lasting emission above 100 MeV. The HAWC Gamma-ray Observatory is a new extensive air shower detector currently under construction in central Mexico. It features two data acquisition (DAQ) systems -one designed to readout full air-shower events (main DAQ) and the other one counting the signals in each photomultiplier tube (scaler DAQ). The burst occurred at a zenith angle of 57
Introduction
Gamma-ray bursts (GRBs) are the most luminous objects known (for a review see e.g. Gehrels et al. 2009 ) and although they have been studied since the late 1960s, their particle acceleration mechanisms are still poorly understood. The general picture is that a central engine, e.g. the core-collapse of a rapidly rotating star (collapsar, Woosley 1993) or the merger of two compact stellar remnants (Paczynski 1991; Narayan et al. 1992) , creates a collimated relativistic outflow (fireball, for a review see e.g. Piran 1999 ). Internal shocks arise if relativistic jets with varied Lorentz factors collide in the outflow, and once the outflowing material interacts with the surrounding material it creates external shocks. The main GRB lasts from 10 −2 s to 10 3 s and most of the energy is emitted in the keV-MeV range. This prompt emission might arise from internal shocks or photospheric emission. It is followed by a multiwavelength afterglow that lasts significantly longer and is generally attributed to the external shocks.
The Large Area Telescope (LAT) on board the Fermi Gamma-Ray Space Telescope (Fermi -LAT) recently found that the > 100 MeV emission of GRBs not only starts later than the keV-MeV emission (e.g. reaching delays up to 40 s for GRB 090626), but is also temporally extended (Ackermann et al. 2013 ). In the afterglow synchrotron model, electrons accelerated by the external shock produce the temporally extended GeV emission via synchrotron radiation. However, in this scenario the maximum photon energy is limited (e.g. Piran & Nakar 2010) . Hence, the observation of GeV photons at late times ( 100 s) or TeV photons at late or early times are challenging synchrotron emission scenarios. An alternative scenario for non-thermal photons at GeV energies is inverse Compton radiation from the external shocks (e.g. Fan & Piran 2008) .
Determining the highest energies and temporal evolution of GRB spectra thus has important implications for GRB physics and cannot be done by the LAT alone because the effective area is approximately constant above ≈ 10 GeV (< 1 m 2 ) and the photon flux decreases steeply with en-ergy. Imaging Atmospheric Cherenkov Telescopes (IACTs) are sensitive to gamma rays at very-high energies (VHE, > 100 GeV), however, only upper limits have been reported so far (Albert et al. 2007; Aharonian et al. 2009a; Acciari et al. 2011) . One problem is that IACTs are pointed instruments that need to slew to the GRB position and will therefore in general miss the prompt and early afterglow phase (note however Aharonian et al. 2009b) . The High Altitude Water Cherenkov observatory (HAWC) is a VHE gamma-ray extensive air shower (EAS) detector currently under construction. Its large instantaneous field of view (∼ 2 sr or 16% of the sky), near 100% duty cycle and the lack of observational delays will allow observations during the prompt GRB phase.
VHE photons are attenuated due to interactions with the extra-galactic background light (EBL) and are thus only possible for a very bright and nearby burst. GRB 130427A was an exceptionally bright and nearby GRB which made it a promising target for VHE observations. In this paper, the results of the analysis of HAWC data for this burst are reported.
GRB 130427A
The prompt phase of GRB 130427A triggered the Fermi Gamma-ray Burst Monitor (Fermi -GBM) at 07:47:06.42 UTC (Ackermann et al. 2014) , denoted T 0 in the following. The Swift Burst Alert Telescope (BAT) did not trigger immediately, because triggering was deactivated during the slewing to a pre-planned target (Maselli et al. 2014) . GRB 130427A also triggered MAXI/GSC (Kawamuro et al. 2013) , SPI-ACS/INTEGRAL (Pozanenko et al. 2013 ), Konus-Wind (Golenetskii et al. 2013) , AGILE (Verrecchia et al. 2013 ) and RHESSI (Smith et al. 2013) .
The BAT light curve can be divided into three main episodes. First, an initial pulse peaked at T 0 + 0.5 s with a smaller pulse at T 0 + 1.1 s. The second, main emission episode starts gradually at T 0 + 2.2 s with a sharp pulse at T 0 + 5.4 s and is followed by a complex structure of various emission peaks lasting a total of about 5 s. There are a few less intense pulses on top of the decay of the main episode, the last pulse peaking at about T 0 + 26 s. A third, much weaker episode starts at T 0 + 120 s, with two overlapping pulses peaking at T 0 + 131 s and T 0 + 141 s. The decaying emission was detectable until the end of the observations at T 0 + 2021 s. The central time interval, in which 90% of the prompt flux is detected (T 90 , calculated over the first 1830 s of BAT data) is (276 ± 5) s.
At T 0 , the burst was well within the LAT field of view at a boresight of 47.3
• (Ackermann et al. 2014) . The GBM initiated an Autonomous Repoint Request that started slewing at T 0 +33 s and brought the burst within 20.1
• of the LAT boresight. The GBM light curve is similar to the BAT one, yielding a T 90 of 138 s (von Kienlin 2013). The LAT Low Energy (LEE, > 10 MeV) emission between T 0 +4 s and T 0 +12 s is roughly correlated with the GBM emission. At higher energies (HE, > 100 MeV), there seems to be little correlation with the LLE or GBM emission, beyond an initial spike at T 0 . The GeV emission is delayed and between T 0 + 11.5 s and T 0 + 33 s an additional power-law component is required in the spectral fit.
Fermi -LAT detected temporally extended HE emission from this burst until it became occulted by the Earth after 715 s (Ackermann et al. 2014) . The burst emerged from occultation at T 0 +3135 s and remained detectable for about 20 hours (interrupted by further occultations). This unprecedented long HE emission easily surpasses the prominent GRB 940217, where the emission might have lasted more than 5000 s (Hurley et al. 1994) . The GRB fluence is the highest ever detected by the GBM and LAT. Since the GRB redshift was found to be z = 0.3399±0.0002 (Levan et al. 2013; Xu et al. 2013; Flores et al. 2013) , this yields, assuming a standard cosmology, an isotropic energy release of about 8.5 × 10 53 erg, making it the most energetic GRB so far detected at a redshift z < 0.5 (Fan et al. 2013 ). This burst also featured the most energetic GRB photon ever detected (95.3 GeV or 128 GeV when corrected for the redshift) at T 0 + 243 s . This photon appears to be inconsistent with lepton synchrotron radiation in the standard afterglow model (Ackermann et al. 2014) .
The HAWC Gamma-ray Observatory
HAWC is an EAS detector currently under construction at Sierra Negra, Mexico, at an altitude of 4100 m above sea level (Miguel Mostafa for the HAWC Collaboration 2013). It utilises the water Cherenkov technique, where gamma rays are detected by measuring Cherenkov light from secondary particles in an EAS. HAWC has an order of magnitude better sensitivity, angular resolution and background rejection than its predecessor, the Milagro experiment (e.g. Atkins et al. 2003) . Once completed, HAWC will consist of 300 steel tanks of 7.3 m diameter and 5.0 m hight, containing a light-tight bladder holding about 188,000 litres of filtered water. Each tank will have three 8 photomultiplier tubes (PMTs) and one 10 PMT on the bottom.
HAWC has two data acquisition (DAQ) systems. The main DAQ reads out full air-shower events by recording the time and charge of individual PMT pulses. The signal arrival time in different tanks permits reconstruction of the direction of the incident shower. The scaler DAQ counts the signals in each PMT in 10 ms windows, which is the finest possible granularity of a light curve. GRBs are detected by a statistical excess over the noise rate ("single particle technique", Vernetto 2000) . The DAQs complement each other, since they have different energy sensitivities (Abeysekara et al. 2012) .
At T 0 , data were being collected by the scaler DAQ only using 29 operational tanks out of the 300 planned (called HAWC-30 and HAWC-300 respectively) and 115 deployed PMTs. The data of three PMTs are not considered in the following due to anomalous count rates.
Sensitivity
The zenith angle of GRB 130427A in the HAWC field of view was 57
• and setting at T 0 . Seven-hundred million gamma-ray air showers coming from the direction of GRB 130427A are simulated using CORSIKA version 7.4000 (Heck et al. 1998 ) with FLUKA version 2011 .2b.6 (Battistoni et al. 2007 Ferrari et al. 2005 ). The energy range is 0.5 GeV-1 TeV, because lower energy showers produce no secondaries that reach the detector and absorption due to EBL cuts off the spectrum at higher energies. For comparison, onehundred million gamma-ray air showers randomly distributed on the sky down to a zenith angle of 60 degrees and energies between 0.5 GeV and 10 TeV are simulated. The detector response is simulated using a detailed detector description within GEANT4 version 10.0.1 (Agostinelli et al. 2003; Allison et al. 2006) . It was originally developed for Milagro (Vasileiou 2008 ) and includes detailed descriptions of the geometrical and optical properties of the HAWC tanks and photomultiplier tubes. The effective area of the scaler system is calculated by counting the hits in all PMTs (for details see Abeysekara et al. 2012) . Since each shower can create hits in multiple PMTs, the effective area is not restricted to the physical size of the detector. The biggest changes in the simulation compared to the previous publication are the inclusion of the fourth, central PMT and a more realistic simulation of the detector (see the discussion of systematic uncertainties below). Figure 1 shows the effective area of the scaler system for HAWC-30 and the direction of GRB 130427A. For comparison, the effective area to bursts overhead for HAWC-30 and HAWC-300 is shown. The comparison between HAWC-30 and HAWC-300 shows that the effective area scales, as expected, linearly with the number of channels. The high zenith angle of GRB 130427A reduces the effective area by more than 2 orders of magnitude with respect to the zenith. Furthermore, the energy threshold is significantly worsened towards the horizon.
The width σ µ of the summed scaler count distribution is larger than that of a Poissonian with mean µ because correlated sources of noise may produce two or more PMT signals, leading to multiple counting (Abeysekara et al. 2012 ). The widening is characterised by the Fano factor F : σ 2 µ = F µ. 10 min of data are rebinned into 200 ms bins that make the count distribution of each channel Gaussian and then µ and σ µ are calculated. The mean of the implied Fano factor for a day of data is 12.0. The analysis sensitivity is degraded by √ F compared to a purely Poissonian background.
Systematic Uncertainties

Atmosphere
The atmosphere has a direct influence on shower development. To model the atmospheric conditions for GRB 130427A, data provided by the Global Data Assimilation System 1 (GDAS) from the closest grid point to the HAWC site are used. Using data from 2014-04-27T09:03:00 UTC, a profile of atmospheric depth is created following the procedure outlined in Pierre Auger Collaboration et al. (2012) . The deviation to the profile measured three hours earlier is < 0.5% at each altitude and therefore it can be concluded that the atmosphere was very stable during the observation period and any systematic uncertainty negligible.
For the simulation where the gamma-ray air showers are randomly distributed on the sky, a profile of atmospheric depth is created by averaging the GDAS data for the years 2011 and 2012 at each height. To investigate the systematic uncertainties, two additional profiles that represent the extreme, cumulative deviation from the average profile (above the altitude of HAWC) are selected, which should bracket the systematic error for the air shower development. Calculating the ratio of the effective areas for the two profiles and creating a weighted average over all energies, it was found that the difference is ∼ 8%. The effective area obtained from the average profile lies in the middle between the two profiles.
1 http://ready.arl.noaa.gov/gdas1.php
Water Quality
The propagation of Cherenkov light is influenced by the water in the tanks. The attenuation length has been measured at 405 nm using 1 m long water samples taken from 26 tanks and varies between 5 m and 16 m. Since all tanks contribute equally to the scaler effective area (e.g. two tanks with 50% more and less than the average counts give the same summed counts as two average tanks), the attenuation length can be averaged over all tanks. Taking into account the number of PMTs per tank considered in the analysis, this yields an attenuation length of 10.4 m. Attenuation can be caused by absorption or scattering and these processes cannot be disentangled with current measurements. Absorption has a bigger impact on the scaler effective area, because a scattered photon may still be detected. The bladder holding the water is black on the inside to avoid reflection of photons. GEANT4 simulations are used to determine absorption and scattering parameters compatible with the measured attenuation length.
Vertically down-going muons provide well defined charge and timing signals in a HAWC tank and can be selected from raw data by applying appropriate charge and timing cuts. First studies indicate that the Monte Carlo describes the data well, assuming scattering properties comparable to those of clear seawater (Jonasz & Fournier 2011) and an absorption spectrum for water (Segelstein 1981) scaled so that the combination of absorption and scattering is compatible with the measured attenuation length at 405 nm. The same water properties have been used in the simulation where the gamma-ray air showers are randomly distributed on the sky.
The absorption spectrum between 300 nm-550 nm varies strongly depending on impurities in the water. To characterise the systematic uncertainty, two simulations were done, with scattering either highly effective and causing most of the measured attenuation or highly ineffective and requiring more absorption. Calculating the ratio of the effective areas and creating a weighted average over all energies, it was found that the difference is 19%, which quantifies the total estimate for the systematic uncertainties, and the effective area given here for GRB 130427A is the average of these two extreme cases.
Data Analysis
Search Window Selection
A transient flux of gamma rays is identified by searching for an excess of the summed PMT counts over an expected background in a certain search window (SW). A first set of six partially overlapping SWs has been selected based on GRB Coordinates Network 2 (GCN) notices. The first window from T 0 +0 s to T 0 +20 s covers the first and second main emission periods seen by BAT and the second window (T 0 − 5 s to T 0 + 55 s) is an extension of that. The T 90 reported by GBM motivated the third time window (T 0 − 5 s to T 0 + 145 s). A time window from T 0 + 120 s to T 0 + 300 s was selected to cover the third emission period seen by BAT. All three BAT emission periods were combined in a time window from T 0 − 10 s to T 0 + 290 s. Additionally, a time window −10 s to 10 s around the time of the highest energy LAT photon was chosen. Preliminary results were reported in Lennarz & Taboada (2013) . Besides the SWs, the data between −1200 s and +1200 s around the GRB trigger time were kept blind for future analysis.
A second set of SWs not previously reported is selected using intervals with hard power-law components in the GeV light curve. These are the window from T 0 + 11.5 s to T 0 + 33 s (index -1.66, Ackermann et al. 2014 ) and the time window from T 0 + 196 s to T 0 + 257 s, where the power-law fit has a spectral index harder than -2.
Background Estimation
The scaler data is rebinned to the different SW sizes. Figure 2 shows an example of the summed count rates of all selected PMT channels rebinned to 60 s (black points). The rates are influenced at the percent level by daily changes in the atmospheric pressure and temperature leading to differences in the shower development. A clear 12 hour modulation can be seen that corresponds to the local pressure cycle. This is long compared to the SWs and makes it unnecessary to correct the data for these environmental effects. The rates are also influenced by the temperature of the electronics, which has a ∼27 minute cycle that can be seen in the data as well.
For each rebinning, a symmetric moving average (MA) is applied to each channel, where each point i is replaced by the average of the N points before and after (each having number of counts C):
The red line in Fig. 2 shows the summed MAs. The differences to the data yield an excess distribution (see Fig. 3 ), which shows no significant outliers and is well fit by a Gaussian (also true for the other binnings used). The analysis is more sensitive, the narrower this distribution is. An optimal sensitivity is obtained when N corresponds to an interval of 3 min on each side. For the 20 s and 21.5 s binning, N = 9 is used and for 60 s and 61 s N = 3. Comparing the mean of the MA points to the width of the Gaussian fitted to the excess distribution implies Fano factors (see Table 1 ) close to the previously derived value. For all larger binnings, N = 1 is chosen. The Fano factor increases drastically in this case, reducing the sensitivity for the longest time window by more than a factor of 2. Apparently, the MA is not optimal for longer time windows, possibly because of the cooling cycle on a similar time scale. This is a consideration for future enhancement of the analysis method. Some points of the MA contain data from the SWs and would thus bias the background estimation. Those points are excluded and an unbiased background estimate for each SW is obtained by averaging the last and first point outside those times. Additionally, these points are also excluded from the excess distributions. The p-value of the excess in the SW, which is the probability that the observed or a higher excess is caused only by background, is calculated using the excess distribution. Table 1 shows the results for each SW. All are consistent with the assumption of background only. Using Gaussian fits of the excess distributions, 90% confidence belts are constructed using the method described by Feldman & Cousins (1998) and upper limits on the number of excess events are derived. These upper limits are converted to integral flux upper limits between 0.5 GeV-1 TeV using the HAWC effective area for GRB 130427A. Figure 4 visualises the 11.5-33 s limit. The additional power law reported by LAT becomes significant after the GBM detected emission has faded and appears temporally distinct, suggesting that it might arise from a different emission region or mechanism (Ackermann et al. 2014 ). Assum- ing no intrinsic cut-off and modelling the absorption on the EBL according to the fiducial model in Gilmore et al. (2012) , the combined best fit of GBM and LAT data is extrapolated to higher energies (dotted line). Under this assumption, the cut-off due to EBL happens just beyond the end of the LAT energy coverage. The scaler limit is calculated assuming the dotted line as the spectral shape. Since the scaler DAQ has no energy information, "quasi-differential" limits are calculated by restricting an E −2 spectrum to the energy ranges indicated by the limit bars. The green dashed-dotted lines show the sensitivity of the two HAWC DAQs for the full detector for an overhead GRB. For the main DAQ, the line indicates the flux level which leads to a 50% probability for detecting a 5 σ excess. For the scaler DAQ, the line shows the expected average upper limit. Since the Fano factor increases with the number of PMTs (and thereby reduces the sensitivity of the analysis), the scaler limit has been scaled by a factor of Note.-For each search window, the sum of all PMT counts in that window is given together with the background estimation from the MA. From these two values the excess is calculated (using unrounded numbers). The p-value gives the probability that the background produces an equal or higher excess than the one observed (not accounting for the different trials). The event upper limits correspond to a 90% confidence level. Sensitivity is the corresponding average upper limit as defined in Feldman & Cousins (1998) . The Fano factor is calculated as described in section 4.2.
Results
√ 3, assuming that the Fano factor increases by a factor of 3 in HAWC-300.
Discussion
HAWC provides the first limits on the prompt emission of GRB 130427A in the VHE range. Due to the high zenith angle of the GRB and the incomplete HAWC detector, the limits are about two orders of magnitude higher than a simple extrapolation of the Fermi data. Had the GRB been observed overhead (cosine of zenith angle larger than 0.9), then it would have produced a 1.9 σ effect in the HAWC-30 scaler DAQ. A similar GRB close to zenith would be easily detected by the full HAWC detector, which will be completed soon. The expected detection rate of the full HAWC detector is about 1 GRB per year (Taboada & Gilmore 2014) . Tam et al. (2013) showed that the LAT emission of GRB 130427 in five different time intervals fits well to a power law with an index of Γ ∼ −2. Evidence was presented that after 3000 s a broken power-law model with break energy ∼ 1 GeV, a soft low-energy component (Γ ∼ −2.6) and a hard high-energy component (Γ ∼ −1.4) is preferred at the 2.9σ level. The latter has properties consistent with synchrotron self-Compton (SSC) emission (Fan et al. 2013; Tam et al. 2013; Liu et al. 2013) . A second analysis found that the GRB spectrum is well described by a power law at all times and a broken power law is not statistically required (Ackermann et al. 2014) . A second broken power-law described by Tam et al. (2013) between 138 s and 750 s was explained by Ackermann et al. (2014) as an effect of power laws with varying spectral indices over time. Observations of GRB 130427A with HAWC-300 at a favorable zenith angle would have provided clear evidence for a possible SSC emission scenario. Alternatively, a joint main and scaler DAQ analysis could provide information on a possible cut-off beyond the LAT energy range (Abeysekara et al. 2012) . Such a cut-off could be the signature of gamma ray absorption, either in the GRB (thus providing a probe of the bulk Lorentz factor) or along the line of sight (thus providing a probe of the EBL), or may also indicate the maximum particle energy produced by the GRB.
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